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A B S T R A C T   
This paper introduces a new transient greenhouse model which uses a mechanistic method to estimate the 
temperature and humidity in typical Chinese solar greenhouses. A novel and easy-to-use wall temperature 
estimation method based on the energy balance was adopted for the environment model rather than using 
boundary temperature measurements. In this way, the number of model inputs is considerably reduced, and the 
proposed model is able to predict future greenhouse climate conditions by utilizing only the weather forecast. 
The model validation was performed in two different greenhouses (each with different sizes and physical pa-
rameters, such as the greenhouse volume, the roof and wall areas, the wall materials and so on) on three typical 
days in 2019 and 2020, and over four consecutive weeks in different seasons during 2016 and 2019 . Promising 
results were obtained and the model performed well in different operating modes; these included having the 
vents completely closed, opening the vents, and completely closing the vents in the cold season with an addi-
tional thermal insulation blanket covering. The validation results demonstrate that the proposed model can be 
widely adapted to different sizes of typical Chinese solar greenhouses, as well as to different weather conditions. 
Thus, the developed model is a flexible and valuable tool that can be used for greenhouse climate simulation, 
temperature and humidity control, and as a decision-making support system to help manage solar greenhouses.   
1. Introduction 
Greenhouse modeling is a valuable method for understanding the 
effects of various parameters that influence cooling/heating demand 
and for obtaining optimal greenhouse operating conditions; this is of 
fundamental importance when selecting the greenhouse design param-
eters and when making management decisions in practical production 
(Choab et al., 2019). 
Different aspects of greenhouse modeling can be evaluated including 
accuracy, functionality, portability and applicability. Designers choose 
which features to focus on or ignore depending on the model’s purpose, 
thus an optimal model always matches its advantages with the reason it 
was developed. Zhang et al. developed an accurate model that involved 
high-resolution solar radiation equations for a Chinese solar greenhouse, 
considering the crop-environment interaction and including a detailed 
3D tomato canopy model. However, a total running time of approxi-
mately 20 h was needed to simulate results for an 8-hour period using an 
Intel Core I7 CPU and 16 GB RAM (Zhang et al., 2020b). The other type 
of reliable high-resolution model was developed employing the CFD 
(Computational Fluid Dynamics) method, which also requires a high 
computational load (Boulard et al., 2017). Li et al. managed to reduce 
the computational cost by adopting a POD (Proper Orthogonal 
Decomposition)-based optimization scheme (Li et al., 2020). However, 
the performance of the model in transient simulations needs to be 
further studied. Nevertheless, the above models are excellent tools for 
understanding the temperature field, the solar radiation field and the 
other physical phenomena in greenhouses. Zhang et al. studied an 
unsteady-one-dimensional model for a glass greenhouse assuming that 
the indoor climate elements were uniform (Zhang et al., 2020a). The 
model considered the dynamic cover absorbance and transmittance 
caused by the variation in the sun’s position as well as the combined 
effects of the cover, soil and air, thus making it a comprehensive model 
for temperature simulation. The developer chose to ignore the hetero-
geneity, ventilation, humidity, crop-environment interaction, 
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condensation and so on, but the model is still a valuable tool that helps 
greenhouse designers determine the energy budget. 
In this work, the objective has been to develop a model that can be 
computed rapidly and is widely applicable. The model can be used as a 
tool for temperature and humidity prediction and for control, two 
crucial processes for tackling plant disease in the cultivation taking place 
in typical Chinese single-slope solar greenhouses (Zhao et al., 2011). 
Currently, this is the main type of greenhouse used for cold-season 
vegetable production in northern China, with a total area of 1.96 
million ha (Liu et al., 2021) being reported. However, these greenhouses 
lack standardization in terms of their size, structure and materials; two 
thirds of them are made of rammed soil walls with greenhouse lengths 
varying from 50 to 100 m and spans (widths) varying from 7 to 12 m 
(Guo et al., 2016). This makes it difficult to apply the model to a real 
greenhouse for the following reasons: the wall heat flux should be 
simulated on a case-by-case basis rather than by imposing an experi-
mental value; the solar radiation gain varies depending on the structure, 
its size and the roof materials; and the tightness of the cover has been 
shown to directly influence the degree of air leakage (infiltration) 
(Jolliet et al., 1991; Ahamed et al., 2018). 
In recent years, a variety of control devices have been applied to 
Chinese solar greenhouses, such as climate sensors, artificial light, CO2 
enrichment, and fan cooling systems. However, these are still at the 
small-scale demonstration stage. One of the devices most widely adop-
ted by farmers is the thermal insulation blanket rolling machine; this has 
reached an application rate of more than 90% in Shandong province, the 
main protected vegetable production area in China, (Wen et al., 2019). 
Another common approach adopted by most farmers is to use natural 
ventilation to cool and dehumidify their crops (Li et al., 2018); this is 
because of the interaction between the energy cost and market prices, 
which will continue far into the future. Based on the above situations, 
the scenario in which this model is applied is a naturally ventilated 
greenhouse without an additional heat source, but where a thermal 
insulation blanket is included as a roof cover in the cold season. 
Limited humidity simulation models have been developed for Chinese 
solar greenhouses using a mechanistic method. Quantifying the humidity 
source term seems to be even more difficult than quantifying the energy 
budget (due to a lack of standardization); this is because of ubiquitous soil 
evaporation and plant transpiration. The humidity source coming from 
plant transpiration has been quantified based on the stomatal resistance of 
several common cultivars grown in greenhouses (Villarreal-Guerrero 
et al., 2012). A few predictive humidity models have been designed over 
the last decade for Chinese solar greenhouses although these have 
neglected to include evapotranspiration and condensation (Zhang et al., 
2019a). Under conditions in which the vents remain closed, the green-
house humidity increases in the morning due to evapotranspiration from 
the crop canopy or the soil. With the decrease in temperature after 
midday, the humidity reduces by condensation or liquidation. In addition, 
air leakage occurs the entire time. The above mechanisms form the mass 
budget for greenhouse humidity under closed-vent conditions. Each of the 
modeling mechanisms is complex, which is why few mechanistic humidity 
models are applied to real situations. 
Several predictive temperature and humidity models based on ma-
chine learning methods have been reported (Zou et al., 2017; He and 
Ma, 2010). Furthermore, various black box models have been developed 
to simulate temperature and humidity in glass greenhouses using ma-
chine learning methods such as neural networks and deep learning 
techniques (Jung et al., 2020). Black box models can be easily applied to 
real greenhouses and can predict future climate conditions. However, 
the data need to be collected and trained independently to make them 
applicable to different types of greenhouses. For mechanistic or white 
box models based on physical laws (Righini et al., 2020; Chen et al., 
2020), boundary conditions limit the models’ functioning. In many 
cases, real-time wall temperature or heat flux parameters are needed as 
model inputs (Boulard et al., 2017; Kichah et al., 2012), which makes it 
impossible to simulate the future indoor climate. In the single-slope 
solar greenhouses that are widely used in northern China, the thick 
wall on the north side of the greenhouse significantly affects heat storage 
performance during the winter. The greenhouse’s heat budget cannot be 
calculated without knowing the temperature on both sides of the wall or 
without directly measuring the wall’s heat flux. Although many of the 
mechanistic greenhouse models were designed using the traditional 
energy-balance-based modeling method, they generally performed well 
and were highly accurate (Sánchez-Molina et al., 2017; Rodriguez et al., 
2015). However, the traditional modeling method usually requires 
multiple inputs such as the wall temperature, roof temperature and soil 
temperature, to simulate the resulting air temperature; this limits its 
applicability to real greenhouses where farmers need to predict the 
future greenhouse climate. In this paper, a new, simple model is intro-
duced. Its simplicity derives from embedding a group of conservation 
equations relating to the boundary conditions. The steady-state equation 
series is solved in each transient simulation step to simplify the user’s 
input conditions. To obtain the boundary conditions for each step, a 
feasible assumption is made to simulate the wall’s future temperature 
distribution with the help of a weather forecast based on the finite dif-
ference method or finite volume method (Zhang et al., 2019b). How-
ever, for the greenhouse energy budget, only the temperature on both 
sides of the wall is needed, otherwise it would take up too much 
computational load. Therefore, a novel, easy-to-use wall temperature 
estimation method based on the energy balance was adopted for the 
environment model. It should be pointed out that few models have been 
developed to date that employ a mechanistic method combining tem-
perature and humidity for use in Chinese solar greenhouses. 
In this paper, several prior equations are integrated into the model to 
act as the mechanisms and middle links that exist in a real scenario. The 
final model was primarily chosen for its rigorous design and its simi-
larity to the scenarios. Although some imperfections remain, it provides 
a method that serves as an example for the modelling. To summarize, the 
main contributions are as follows:  
(i) A new greenhouse climate model is proposed that includes a 
novel and easy-to-use wall temperature estimation method based 
on the energy balance. With the help of the embedded group of 
conservation equations, the greenhouse boundary temperatures 
can be simulated rather than having to measure the boundary 
temperature at each time step. Therefore, the number of model 
inputs is reduced, and the model can estimate the future green-
house climate using only the current or predicted weather 
variables.  
(ii) Several typical management measurements were considered and 
then validated, such as: arbitrarily defining the vents’ opening 
angle and the time they remain open, the time the greenhouse 
vents are completely closed, and whether to use the thermal 
insulation blanket as a roof covering. These aspects are not usu-
ally considered in climate models for Chinese solar greenhouses.  
(iii) The model is computationally light and fast, and was calibrated 
and validated using data from different seasons and from 
different years.  
(iv) The validation can be carried out in greenhouses of different sizes 
(and constructed from different materials) by switching the 
physical parameters; thus, the model is flexible and widely 
applicable. This was demonstrated by validating the proposed 
model in two greenhouses, each having a different size and 
located at different sites.  
(v) The greenhouse temperature and humidity are simulated 
together using a mechanistic model – this is the first study to do so 
for Chinese solar greenhouses. 
2. Materials and methods 
This section summarizes the greenhouses where the experimental 
results were obtained for this work, the equipment used for the data 
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collection and the software tools employed for the model 
implementation. 
2.1. Experiment description 
2.1.1. Experimental greenhouse 
The model validation was carried out using data from two different 
greenhouses. One is located in Xiaotangshan, at the National Precision 
Agriculture Demonstration Base (Greenhouse A, 40◦18′ N, 116◦47′ E), 
Changping District, Beijing, China, where the data from 2016 and 2019 
were collected. The second greenhouse is located in Fangshan, on 
Hongke farm (Greenhouse B, 39◦63′ N, 115◦98′ E), Fangshan District, 
Beijing, where the data were gathered during 2019 and 2020 (Fig. 1). 
Both greenhouses were the typical single-slope solar greenhouse- 
type with polyethylene (PE) film on the roof and a wall on the north 
side. The north wall of Greenhouse A is composed of bricks and gravelly 
soil whereas the north wall of Greenhouse B is made of hollow concrete 
blocks (Fig. 2). A cucumber crop was planted, and drip irrigation was 
installed, adopting a north–south cultivation line in Greenhouse A, and 
an east–west cultivation line in Greenhouse B. The 0.005 mm thick 
polyethylene film covers both greenhouses from the ground up to pre-
vent soil evaporation. Greenhouse A is 50 m long, 7 m wide and 3.6 m 
high whereas Greenhouse B is 80 m long, 7.5 m wide and 4.2 m high. 
2.1.2. Data collection 
At each site, Davis Vantage Pro& Plus (Davis Instruments, Hayward, 
USA) outdoor weather stations were installed to measure the total solar 
radiation (range, 0–1800 W m− 2; accuracy, ±5%), wind speed (range, 
0–67 m s− 1; accuracy, ±5%), air temperature (range, − 40 - +65 ℃; 
accuracy, ±0.5℃), and relative humidity (range, 0–100%; accuracy, 
±3%) (Fig. 3 (a)). Davis-6162 (Davis Instruments, Hayward, USA) 
weather stations were installed in the center of the greenhouses to 
measure the air temperature and relative humidity at a height of 1 m, 
solar radiation at a height of 1.5 m and soil temperature at a depth of 0.5 
m (Fig. 3 (b)(c)). Considering the variables’ rate of change, especially 
that for solar radiation, all the above data were measured and recorded 
at 15-minute intervals. 
3. Model description 
This section describes the proposed greenhouse climate model, 
where the new wall-temperature estimation method based on energy 
balance is introduced. Moreover, the opening and closing angles of the 
vents, and the thermal insulation blanket covering, are considered in the 
equations. The description of each model parameter and variable is 
given in the Appendix A nomenclature table. Furthermore, the tables in 
Appendix B summarize the values for the different model constants and 
variables. 
3.1. Climate model 
Under the assumption that air is transparent to solar radiation, the 
energy source terms for the air in the greenhouses belong to 5 sub- 
mechanisms: the ventilation energy source term, qv(t), W; the air 
leakage energy source term, qlea(t), W; the convective energy source 
term, qc(t), W; the water vapor liquidation energy source term, qliq(t), 
W; and the plant energy source term, qp(t), W (Fig. 4). The greenhouses’ 
energy budget has a combined effect on the indoor temperature and 






= qv(t)+ qlea(t) + qc(t) + qliq(t)+ qp(t)
(1) 




qv(t) + qlea(t) + qc(t) + qliq(t) + qp(t)
ρ*v*(cp + cpw*h(t))
(2) 
where, T is the indoor air temperature, K; h is the indoor absolute 
humidity, kg kg− 1; t is time, s; ρ is the air density, (1.293) kg m− 3; cp is 
the specific heat capacity of the air, (1005) J kg− 1 K− 1; cpw is the specific 
heat capacity of the water vapor, (1850) J kg− 1 K− 1; and v is the 
greenhouse volume, m3. 
The humidity equation was obtained by mass conservation. The 
greenhouses’ humidity source terms come from the ventilation humidity 
source term, sv(t), kg kg− 1 s− 1; the air leakage humidity source term, 
slea(t), kg kg− 1 s− 1; and the plant humidity source term, sp(t), kg kg− 1 
s− 1. The equation is given as follows, 
dh(t)
dt
= sv(t) + slea(t)+ sp(t) (3)  
3.1.1. Ventilation source 
This model includes the operations that affect the indoor climate, 
such as the vent opening angle and whether or not the thermal insu-
lation cover is deployed. The natural ventilation adopted in this exper-
iment relied on two rectangular vents at the top and bottom of the 
greenhouse. The opening angle, θ, is used to define the size of the vent 
opening. The driving force of the natural ventilation can be divided into 
thermal pressure ventilation and wind pressure ventilation (Roy et al., 
2002), where the thermal pressure ventilation rate can be described in 
the following way: 
In the case of both the upper and lower vents being open (Ma et al., 2008; 































Fig. 1. Experimental greenhouses A (left) and B (right).  
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Fig. 2. Diagram of the structural dimensions (in meters) for greenhouses A and B.  
Fig. 3. Sensors used for data collection.  
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where, LT is the thermal pressure ventilation rate, m− 3 s− 1; Ava is the 
open area of the upper vent, m2; Avb is the open area of the lower vent, 
m2; Aa is the area of the upper vent plate (the movable part of the roof), 
m2; Ab is the area of the lower vent plate, m2; θa is the opening angle of 
the upper vent, ◦; θb is the opening angle of the lower vent, ◦; μa is the 
thermal pressure ventilation coefficient of the upper vent; μb is the 
thermal pressure ventilation coefficient of the lower vent (μ = 0.18 
when θ = 0–15; μ = 0.33 when θ = 15–30; μ = 0.44 when θ = 30–45; μ =
0.53 when θ = 45–60; μ = 0.62 when θ = 60–90); If the greenhouse vents 
are opened (by rolling back the roof film), Ava and Avb are input directly, 
with a corresponding μ of 0.62. g is the gravitational acceleration, 9.81 
m s− 2; H is the height of the upper vent, m; and To is outdoor air 
temperature, K. 
The wind pressure ventilation rate is expressed easily as an empirical 
equation (NY/T 1451–2018, 2018): 
Lw(t) = β*Ava(t)*Ve(t) (5) 
where, Lw is the wind pressure ventilation rate, m− 3 s− 1; β is the wind 
pressure coefficient (which is 0.5–0.6 when the wind direction is 
perpendicular to the vent and 0.25–0.35 when the wind direction is 
inclined), and Ve is the outdoor wind speed, m/s. 







qv(t) = L(t)*ρ*cp*(To(t) − T(t) ) (7)  
sv(t) =
(ho(t) − h(t) )*L(t)
V
(8) 
where, L is the total ventilation rate, m− 3 s− 1; and ho is the outdoor 
absolute humidity, kg kg− 1. 
3.1.2. Air leakage source 
The air leakage rate has been studied for many years using the gas 
tracing method (Tong et al., 2008; Tong et al., 2009; Boulard et al., 
Fig. 4. Energy budget in greenhouses A and B.  
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2017). In Chinese solar greenhouses, the air leakage rate varies widely 
from 0.13 to 2.31 h− 1, depending on the tightness of the cover, the wind 
speed, the solar radiation, and the temperature difference between the 
indoor and outdoor air (Tong et al., 2008; Tong et al., 2009; Zhang et al., 
2019b). Using N2O as the tracer gas, Boulard et al. (2017) found that the 
air leakage rate ranged from 0.075 to 0.09 h− 1 at a wind speed of 0 ~ 
0.9 m s− 1 in a glass greenhouse. The empirical constant parameter seems 
to cause significant errors when applied to a real greenhouse, and even 
more so between new and old greenhouses. In this case, the following 
equation, which considers the tightness of the cover, the wind speed and 
the temperature difference, is the optimal estimation for the air leakage 
rate (Jolliet et al., 1991; Ahamed et al., 2018): 
nt = Ar*ηr*
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅






where, nt is the air leakage rate, h− 1; Ar is the area of the transparent 
roof, m2; ηT is the temperature difference factor (0.16, m s− 1 K− 1/2); Ve is 
the wind speed, m s− 1; and ηr is the characterization of the tightness of 
the roof to air infiltration. Therefore, the air leakage energy source term, 




*ρ*cp*v*(To(t) − T(t) ) (10)  




3.1.3. Water vapor liquidation source 
Water vapor liquidation is a phase-change mechanism that occurs 
when the air humidity is saturated; this has an impact on the greenhouse 
air temperature and humidity. The equations for these phenomena are 






















where, Ps(T(t)) is the pressure of the saturated water vapor at T(t), 
pa; P is atmospheric pressure, pa; Pw is the water vapor pressure, pa; RH 
is the relative humidity, %; and hs(T(t)) is the saturated humidity at T(t), 
kg kg− 1. So, when h(t) is higher than hs(T(t)), the water vapor liquida-
tion energy source term can be calculated in the following way: 
qliq(t) = γ*(h(t) − hs(T(t)) )*v*ρ (16) 
where, γ is the water evaporation constant, 2257600 J kg− 1. In this 
case, after liquidation, h(t) = hs(T(t) )Alternately when h(t) is lower than 
hs(T(t)): 
qliq(t) = 0 (17)  
3.1.4. Plant source 
In general, the plant energy source term comes from the sensible heat 
exchange between the canopy and the surrounding environment, and 
from the heat released by condensation onto the canopy. The plant 
humidity source term derives from transpiration and condensation. In 
the above mechanisms, the canopy temperature is a necessary param-
eter. In this case, neglecting the sensitive heat exchange, the canopy 
temperature is assumed to be equal to the air temperature. Thus, the 








where, mt is the transpiration rate, kg m− 3 s− 1; LAD is the leaf area 
density, m− 1; ra is the aerodynamic resistance, s m− 1; ζ is the psychro-
metric constant (value, 67.17 Pa K− 1); and rs is stomatal resistance of the 
cucumber in relation to the irrigation conditions and the microclimate, s 






where, l is the characteristic length (length of leaf), m; and U is the 
air speed in the crop zone, m s− 1. Solar radiation is the main meteoro-
logical factor affecting stomatal resistance in cucumber. The relation-
ship between the solar radiation and the stomatal resistance in 
cucumber follows an exponential function, depending on the season of 
the year (Huang et al., 2020), 
for the spring season,rs(t) = 144.3+1440.4∙exp( − 0.0124*Rsc(t) )
(20) 
rs(t) = 224.4+ 1485.9∙exp( − 0.0185*Rsc(t) ) (21)  
Rsc(t) = (1 − exp(− Kc*LAI))*Rs(t)*τ (22) 
where, Rsc is the solar radiation absorbed by the crop canopy per 
second, W m− 2; Rs is the outdoor solar radiation intensity, W m− 2; τ is 
the short-wave transmissivity of the roof; Kc is the radiation attenuation 
coefficient, which was higher for the autumn cycle (0.86) than for the 
spring cycle (0.63) (Medrano et al., 2005); and LAI is the leaf area index. 
The condensation rate on the canopy can be expressed using the 







where, mc is the condensation rate on the canopy, kg m− 3 s− 1, and gh 
is the water vapor conductivity in the leaf boundary layer, m s− 1, which 










αa(t) = T(t)*1.32 × 10− 7 − 1.73 × 10− 5 (24-2)  
Dw(t) = T(t)*1.49 × 10− 7 − 1.96 × 10− 5 (24-3) 
and where, NLe is the Lewis number, dimensionless; αa is the air 
thermal diffusivity, m2 s− 1; and Dw is the water vapor diffusivity, m2 s− 1. 
Thus, the plant energy and humidity source terms, qp(t), sp(t), are 
expressed as follows: 




where, vp is plant canopy volume, m3. 
3.1.5. Convective source 
This section describes the new method proposed for estimating the 
wall temperature. The convective energy source terms come from the 
walls (fw, W), the roof (fr, W) and the ground (fg, W). Thus, the 
convective energy source, qc(t), can be expressed as, 
qc(t) = fw(t)+ fr(t)+ fg(t) (27) 
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It is assumed that convective heat transfer is the only direct energy 
exchange mechanism between the internal surfaces and the indoor air, 
whereas heat conduction only affects the temperature of the internal 
surfaces, thus affecting the indoor air temperature indirectly. Therefore: 
fw(t) = As1*cwi(t)*(T1(t) − T(t) ) (28)  






where, As1, Ar, and Ag are the areas of the wall, roof and ground, m2, 
respectively; cwi, cri and cg are the convective transfer coefficients on the 
internal surfaces of the opaque wall, the transparent roof and the 
ground, W m− 2 K− 1, respectively; Tg is the ground temperature, K; and 
T1 and T4 are the wall surface temperatures, which are estimated as 
described below. 
The wall temperature calculation is performed using the following 
energy balance through the easy wall temperature estimating (EWTE) 
method. For the wall composed of two different materials (Greenhouse 
A), the wall energy balance is calculated by dividing the wall into three 
surfaces – the internal wall surface (S.1), the external wall surface (S.2), 
and the interior space between the different wall materials (I.3) (Fig. 4 
(A)). For Greenhouse B, the equations are calculated without I.3 (Fig. 4 
(B)). 
The surfaces on both sides of the transparent roof are calculated - the 
internal roof surface (S.4) and the external roof surface (S.5). The 
equations are shown below, and are divided into two cases: with and 
without the cover configuration of the thermal insulation blanket. 
Cover configuration without the thermal insulation blanket (on the wall 
surfaces) 
For S.1, the energy balance belongs to the convective term, the 
conduction term, and the long-wave and solar radiation term: 
As1*cwi(t)*(T(t) − T1(t) )+












+ τ*Rs(t)*Ar*xrw*as1 = 0 (31-1) 
For S.2, the equation terms are similar to Eq. (311), with the addi-
tion of the solar radiation term: 
As2*cwo(t)*(To(t) − T2(t) )+







*As2 = 0 (31-2) 
For I.3: 
(T1(t) − T3(t) )*Cdw1
Thw1
*As1 +
(T2(t) − T3(t) )*Cdw2
Thw2
*As3 = 0 (31-3) 
(on the roof surfaces) 
In the same way, for S.4: 
Ar*cri(t)*(T(t) − T4(t) )+







*Ar*xrw = 0 (31-4) 
and for S.5: 
Ar*cro(t)*(To(t) − T5(t) )+







*Ar = 0 (31-5) 
T1, T2, T3, T4 and T5, are the temperatures of S.1, S.2, I.3, S.4 and S.5 
(in K), respectively; As1, As2, As3 and Ar are the areas of S.1, S.2, I.3 and 
the south roof (in m2), respectively; Cdw1 is the thermal conductivity of 
the wall material close to S.1,W m− 1 K− 1; Thw1 is the wall thickness 
between S.1 and I.3, m; Cdw2 is the thermal conductivity of the wall 
material close to S.2, W m− 1 K− 1; Thw2 is the wall thickness between S.2 
and I.3, m; σ is the Boltzmann constant, (0.0000000567) W m− 2 K− 4; 
ews, ewr, erw and ers are the long-wave radiation exchange coefficients 
from the wall to the sky, from the wall to the south roof, from the south 
roof to the wall and from the south roof to the sky, respectively; xwr is the 
view factor from the wall to the south roof; xrw is the view factor from 
the south roof to the wall; τ is the short-wave transmissivity of the south 
roof; τl is the long-wave transmissivity of the south roof; as1 is the 
absorbed solar radiation coefficient of surface 1; and cwo and cro are the 
convective transfer coefficients of the external wall and roof surfaces, W 
m− 2 K− 1. The thermal conductivities of the greenhouse materials are 
shown in Table 1. 
Please see Appendix C for the simulation of the cover configuration 
using the thermal insulation blanket. 
Under the assumption of a diffuse-grey surface, the view factor is 
used to calculate the radiative heat transfer between the surfaces that 
are separated by transparent media (Modest, 1993). The view factor 
between the south roof and the north wall depends on the spatial rela-
tionship and the shielding medium, i.e., the plant canopy between them. 
The crop canopy height is 0.5 m in early April and early September, and 
1.5 m in May, October, and November. With the aid of auxiliary sur-
faces, the view factor can be calculated between two objects that have a 
complex spatial relationship. The corresponding view factor calculation 
is shown in Fig. 5 and the equations are shown below. It should be noted 
that the equations in each case are the same (Eq. (316)), but the sizes of 







A1 + A2 − A3
2A1
*
A2 + A5 − A4
2A2
*






Convective transfer is the main form of energy gain (or loss) from (or 
to) the indoor air; this has been studied for many years (Roy et al., 
2002). When using different convective transfer models, deviations of 
up to ± 30% are seen in the annual cooling energy demand (Mirsadeghi 
et al., 2013). It is important to choose an appropriate convection model 
according to the specific building and the parameters available. 
Regarding Chinese solar greenhouses, at least 4 different models are 
necessary for the convective transfer coefficients. 
Convective transfer coefficients on the external and internal surface of the 
opaque wall 
The Building Loads Analysis and System Thermodynamics (BLAST) 
model is comprehensive as it considers both the forced (cwo, for, W m− 2 
K− 1) and the natural (cwo, nat, W m− 2 K− 1) convection components on the 
external wall surface (Walton, 1981; McClellan and Pedersen, 1997): 
cwo(t) = cwo,for(t)+ cwo,nat(t) (31-7) 
cwo, for is estimated using the following equation, which is based on 
wind tunnel experiments using rectangular plates (Sparrow et al., 1979): 






where, Wf is the wind direction modifier, with 1 for the windward 
surface and 0.5 for the leeward surface; Pe is the surface perimeter, m; A 
is the surface area, m2; Rf is the surface roughness multiplier, 1.67 for 
brick and 1.52 for concrete (Walton, 1981); and Vf is the free-stream 
wind speed, m s− 1. In this case, the free-stream wind speed is 
Table 1 
Thermal conductivity of the materials (Zhang et al., 2019b; Carlini et al., 2020; 










m− 1 K− 1)  
0.81  1.80  0.38  1.02  1.4  
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estimated using the wind profile model and the wind speed measured 
2.5 m above the ground (Boulard et al., 2010). cwo, nat is the natural 
component of convection, which is calculated using the following 
equations (Walton, 1983; Mirsadeghi et al., 2013): 
cwo,nat(t) = 9.482*




, (T2 > To) (31-9)  
cwo,nat(t) = 1.810*




, (T2 < To) (31-10) 
where, φ is the surface plane angle in relation to the ground plane, ◦. 
The convective coefficient on the internal wall surface is estimated 
considering only the natural component: 
cwi(t) = 9.482*




, (T1 > T) (31-11)  
cwi(t) = 1.810*




, (T1 > T) (31-12) 
Convective transfer coefficients on the external and internal surfaces of 
the transparent roof 
A variety of roof convection models have been applied to different 
types of greenhouses, usually a wind speed-dependent model for the 
exterior and a temperature-difference model for the interior (Roy et al., 
2002). In this case, the following equations were adopted to estimate the 
external and internal convection transfer coefficients, applied to con-
ditions where there is a polyethylene-covered greenhouse, above which 
the wind speed is measured (5.6 m above the ground) at less than 6.3 m 
s− 1 (Papadakis et al., 1992): 
cro(t) = 0.95+ 6.76*Ve(t)0.49 (31-13)  
cri(t) = 2.21*(T(t) − T4(t))
1
3, (0.3 < T − T4 ≤ 13.8
◦ C) (31-14) 
The long-wave radiation exchange coefficient between two grey- 
body surfaces can be described as follows (Liu and Zhang, 2011): 
eij =
(
ei − 1 + ej − 2 − 1
)− 1 (31-15) 
where, eij is the long-wave radiation exchange coefficient, and ei and 
ej are the long-wave emissivity of two radiation objects, which are 
shown in Table 2. 
The sky emissivity variable (es) is related to the outdoor air tem-
perature (To, K) and the outdoor water vapor pressure (Pwo, Pa) (Kustas 
et al., 1994): 
Fig. 5. Calculation of the view factor when the crop height is 0.5 m (A) and 1.5 m (B).  
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es(t) = 0.642(Pwo(t)/To(t))1/7 (31-16) 
The wall temperature is simulated using several outdoor climate 
variables, which can be provided by the weather forecast. In contrast to 
the wall temperature simulation, the ground temperature simulation 
requires the boundary temperature at a set depth beneath the ground. 
The ground temperature is simulated after taking the initial soil tem-
perature at a depth of 0.5 m; this is measured using a temperature probe: 





















+(Rs(t)*τ*xgr*Ag − Rsc(t)*Ap)*ag = 0 (32-1) 










where, Tg is the ground surface temperature, K; Td is the below- 
ground temperature at a depth of 0.5 m, K; ρg is the soil density, 
(1975) kg m− 3; cpg is the specific heat capacity of the soil, (1480) J kg− 1 
K− 1; vg is the soil volume, m3; egr and egs are the long-wave radiation 
exchange coefficients from the ground to the roof and sky; xgr is the view 
factor from the ground to the roof; Ag is the ground surface area, m2; Ap 
is the plant area, m2; ag is the absorbed solar radiation coefficient of the 
ground (0.92); cg is the convective transfer coefficient of the ground, W 
m− 2 K− 1; Thg is the thickness of the ground, 0.5 m; and Cdg is the 
thermal conductivity of the soil, W m− 1 K− 1. The convective transfer 
coefficient of the ground is estimated using the following equation, 







3 (32-3)  
3.2. Model implementation and validation 
The model system was implemented using Matlab and Simulink. The 
Root Mean Squared Error (RMSE) and Mean Error (ME) were used to 
evaluate the errors between the calculated and the measured data, as 













where, Cai is the estimated value, Mei is the measured value, and N is 
the sample size. 
4. Results and discussion 
This section presents the validation results for the proposed model. 
The temperature and humidity results are also given. The model was 
validated during different seasons with data from Greenhouse A and 
Greenhouse B. Note that the accuracy of the model is demonstrated not 
only by validating the model in different seasons and in different years, 
but also by calibrating it in one greenhouse and validating it in the other. 
The calibration process was performed in MATLAB implementing the 
Monte Carlo method to estimate the global model parameters, resulting 
in the table showing the calibrated model parameters in Appendix B. 
4.1. Model performance on a single day 
In this section, the thermal and mass (humidity) performance is 
validated on a single day when the vents are closed. Several middle links 
in this model are analyzed to show the energy and mass budget of the 
greenhouse. Subsequently, the ventilation is analyzed by simulating the 
greenhouse climate when the vents are open. 
Fig. 6 shows the simulation and measurement when the vents are 
closed in Greenhouse A. The crop height is 1.5 m and the LAI is 2.55. The 
RMSE of the temperature is 2.6 K. The RMSE of the absolute humidity 
and the relative humidity are 3.1 g kg− 1 and 14.6%, respectively. The 
simulation under closed-vent conditions is of great significance as it il-
lustrates the model’s performance. The curve fluctuation and peak value 
of the absolute humidity are consistent with the real situation, although 
the relative humidity error is striking due to the temperature difference. 
Fig. 7 shows that the thermal performance is also good when applied to 
Greenhouse B, with the temperature RMSE at 3.3 K. The RMSE of the 
absolute humidity and the relative humidity are 3.0 g kg− 1 and 17.8%, 
respectively. 
Compared to the dynamic models from other studies validated on 
typical days, the RMSE of T was 5.3 K with T increasing from 308 K to 
343 K (Mohammadi et al., 2018). In Singh et al. (2006), the RMSE of T 
was 5.69 K with T increasing from 287 K to 301 K, and the RMSE of RH 
was 4.37% with the error ranging from 3.08% to 27.78% Notice that the 
error in the latter study was obtained with a temperature increase over 
30 K, which demonstrates that the model is accurate in terms of the 
energy budget. This model also provides a leaf wetness risk that is based 
on simulating the crop canopy condensation (Fig. 6) which, when 
combined with temperature, can be a useful tool for a plant disease 
warning system (Zhao et al., 2011). 
The indoor solar radiation intensity measured was higher at noon 
and lower at other times compared to the simulation (Fig. 8). A more 
precise method would be to adopt a variety of times to simulate τ. The 
transmittance is highest when the solar incidence angle is perpendicular 
to the roof, and gradually reduces as the angle increases (Soriano et al., 
2004). However, the transmittance only changes slightly in the 0 to 60- 
degree incidence range, and decreases rapidly when the incident angle 
exceeds 60◦ (Zhang et al., 2020a). Thus, the roof transmittance value 
remains almost at the maximum during most of the daytime. Given the 
computational load needed to simulate it, and the consistency shown 
between the simulated and measured indoor solar radiation (Fig. 8), 
relying on the transmittance constant is feasible. 
The air leakage rate varies from 0.2 h− 1 to 0.6 h− 1 and reaches its 
peak at noon. In a very tightly covered solar greenhouse with a span of 
6.6 m and a ridge height of 3 m, the mean air leakage rate was 0.35 h− 1 
in the daytime and 0.15 h− 1 at night (Tong et al., 2007). In another 
Chinese solar greenhouse, the air leakage rate measured using the car-
bon dioxide tracing method varied between 0.33 h− 1 and 0.41 h− 1 (Tong 
et al., 2007). Considering that the air leakage rate variable is positively 
related to wind speed, solar radiation, and the indoor/ outdoor tem-
perature difference, the equation adopted in this model was able to 
simulate the air leakage rate accurately and proportionally. 
The convective heat transfer coefficients used in this model have 
been proven to be applicable to other scenarios (De Halleux, 1989; 
Papadakis et al., 1992; Walton, 1983; Mirsadeghi et al., 2013). Of these, 
Table 2 
Long-wave emissivity of the objects and the long-wave radiation exchange coefficient estimated using Eq. (31–15).  
Emissivity of objects Wall (ew) Roof (er) Thermal insulation blanket (eb) Sky (es) 
Value 0.9 0.5 0.9 Eq. 31–16 
Long-wave radiation exchange coefficient ewr erw ewb ebw ews ers 
Value  0.24  0.45  0.74  0.74 ( ew − 1 + es − 2 − 1
)− 1  ( er − 1 + es − 2 − 1
)− 1   
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the external roof coefficient was the highest while the internal wall 
coefficient was the lowest (Fig. 8). All the parameters peaked at noon, 
whereas the external wall, internal wall and external roof coefficients 
were close to 0 over night when the wind speed was low. 
Transpiration in cucumber varies from 0 to 150 W m− 2 in autumn 
with the LAI ranging from 2 to 3.5; this was measured using a sap-flow 
sensor in a Venlo greenhouse (Huang et al., 2020). The transpiration rate 
in Fig. 8 began to rise after 6:00 a.m. and reached its peak at noon; then, 
the transpiration rate gradually dropped to 0 after 18:00. This was 
similar to the transpiration rate measured by Huang et al. (2020) from 2 
− 16 October 2018. Evapotranspiration is the main humidity source 
under closed-film conditions. Accurate transpiration rate simulation is 
an important middle link in humidity modeling. 
Fig. 9 shows how the temperature increases and decreases in the 
energy budget. Based on the model assumption, the air is transparent to 
the solar radiation and is heated by convective heat transfer from the 
wall and soil surfaces; these absorb the solar radiation in the daytime, 
34% of which is absorbed by the wall and 66% by the ground. Not all the 
solar radiation absorbed by the wall will be converted into air heating, 
and thus the process is simulated by solving the embedded conservative 
equation group for each second. The transparent roof is the main me-
dium of greenhouse energy loss, accounting for 86% of losses in the 
daytime and 65% at night, followed by air leakage, which accounts for 
14% of losses in the daytime and 23% at night. The ground is the main 
medium providing energy at night, but it is insufficient to offset the loss, 
and the net energy overnight is − 19.5 MJ. 
Fig. 10 shows the model’s ventilation performance for different vent 
opening areas, in which the temperature curve and the absolute hu-
midity curve indicate the energy and mass responses to the ventilation, 
respectively. The agreement between the measured and the simulated 
curves demonstrates the accuracy of the simulated ventilation rate. The 
RMSE of the temperature, absolute humidity, and relative humidity is 
2.5 K, 1.1 g kg− 1 and 8.6%, respectively. Fig. 10 also shows a significant 
positive correlation between the wind speed and the ventilation rate. 
The ventilation times are obtained from the hourly cumulative ventila-
tion rate divided by the greenhouse volume - these are 2.23 h− 1 when 
the opening area is 5 m2 and 13.36 h− 1 when the opening area is 10 m2. 
Notice that this value is for the single-vent opening configuration, and 
would be higher if both the lower and upper vents were open. 
4.2. Model performance on consecutive days 
In this section, the model was validated on consecutive days in 
different seasons during 2016 and 2019. The number of consecutive 
days in each test amounted to 1 week, and the total days simulated 
amounted to four weeks. The outdoor weather station data was used as 
the model input and the validation data were taken from the indoor 
sensors. Different ventilation configurations were applied during the 
experiment along with the use of the thermal insulation blanket. The ME 
(Mean Error) and RMSE between the simulated and measured data are 
shown in Table 3. 
4.2.1. Temperature performance 
Figs. 11-14 show the input data set, which includes the outdoor 
Fig. 6. Data set for the temperature, humidity, and crop canopy condensation under closed-vent conditions, recorded on 17 August 2019 in Greenhouse A.  
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temperature, outdoor humidity, outdoor solar radiation, wind speed, 
and the output. The simulated temperature fitted the real data measured 
in the spring, autumn and cold season (tests 1–4), with the ME and RMSE 
from 1.5 to 2.4 K, and from 2.0 to 2.9 K, respectively (Table 3). The 
temperature was underestimated in Fig. 14, which resulted in the RH 
exceeding the maximum saturation value. A similar phenomenon 
appeared in the semi-Quonset-type greenhouse simulation when the 
vents were closed in the cold season; here, the predicted RH value was 
higher than the measured value and the predicted T was lower than the 
measured value (Singh et al., 2006). Nonetheless, in Fig. 14, the model 
performed well under continuous low-temperature and low- 
illumination weather conditions from day 3 to day 6. The simulated 
temperature changed simultaneously and precisely in line with the solar 
radiation intensity, even under extremely low intensities (Figs. 11-14); 
this means that the model’s simulated air temperature is sensitive to, 
and responds accurately to, changes in the outdoor solar radiation. 
It should be pointed out that the validations were conducted in the 
same periods of the year for both Greenhouse A and Greenhouse B 
(Figs. 11-14), the data for which were not considered during the cali-
bration process. As demonstrated by the figures and by the quantitative 
results in Table 3, the model provides very promising results when used 
in similar types of greenhouse (although of different sizes) as the one 
used for calibration purposes. It is worth remarking that this is the 
typical greenhouse structure found in China, and thus the model could 
be used to estimate the temperature and humidity of any of these 
greenhouses, simply by updating the greenhouse’s structural 
parameters. 
4.2.2. Humidity performance 
The humidity performance values were good for weeks 1–4 with the 
ME and RMSE ranging from 6.9% to 13.1% and 8.8% to 16.6%, 
respectively, in the different seasons and the different greenhouses 
(Table 3). The simulation and measurement curves are perfectly 
consistent for the temperature, absolute humidity, and relative humidity 
(Figs. 11-14). The RH is sensitive to temperature, with the average 
variation in RH spatial distribution for a single-span greenhouse (with a 
floor area of 8 m × 20 m) being 13%, and where the maximum differ-
ence could be over 40% (Ahmed et al., 2019). Few mechanistic models 
for greenhouse humidity have been developed, with the exception of 
some CFD models (Boulard et al., 2017); this is due to the complexity of 
comprehensively considering the water vapor sources, which are esti-
mated using a mass exchange model between the indoor and outdoor 
environments, as well as the liquidation model, condensation and leaf 
transpiration model. During the simulation, this study tried to consider 
all the middle links as far as possible, and the results are striking. 
4.3. Schematic representation of the model: Inputs and outputs 
This section describes how the model works with only 4 inputs and 3 
initial-condition values. The model runs on the inputs shown in Fig. 15, 
which can be provided by the weather station or from weather forecast 
data. All the middle links are simulated by adopting proper equations 
developed under similar conditions in the first and second layers. In 
addition, prior to the simulation, the size of the construction and the 
properties of its physical materials should be given. Only 3 initial values 
were defined at the outset; these were the initial temperature T, the 
initial humidity h, and the initial soil Td. The results show that the model 
is accurate for at least 7 days without recalibrating the initial conditions. 
Reducing the required number of sensor inputs not only lowers the cost, 
but also avoids any inconvenience caused by faulty sensors. Compared 
to the current models, it has been shown that the wall temperature or 
wall flux are necessary inputs (Li et al., 2020; Sánchez-Molina et al., 
2017). Many models require sensors to be placed on the ground, the 
wall, and in the roof. When applied in practice, any sensor fault will lead 
to the model failing to run. The model in this paper not only effectively 
reduced the amount of inputs, but it could also be transplanted suc-
cessfully to another greenhouse without affecting the model’s perfor-
mance from season to season or from year to year. 
5. Conclusions 
The model described in this paper allows one to estimate the 
Fig. 7. Data set for the temperature and humidity under closed-vent conditions, recorded on 11 August 2020 in Greenhouse B.  
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temperature and humidity of a typical Chinese solar greenhouse using 
only the solar radiation, outdoor temperature, outdoor humidity, and 
wind direction and speed, as the model inputs. The model also includes a 
variety of management modes, such as the vent opening angle, the time 
the vents are open or closed, and the time that the thermal insulation 
blanket covers the roof. The RMSEs for the predicted temperature on 
three separate days were 2.6 K, 3.3 K, 2.5 K, respectively, while the 
RMSEs for the predicted relative humidity were 14.6%, 17.8% and 
8.6%, respectively. The RMSEs for the predicted temperature on four 
consecutive days (1 week for each test) remained in the 2.0 K to 2.8 K 
range while the RMSEs for the predicted relative humidity remained in 
the 8.8% to 16.6% range during different seasons in 2016 and 2019. 
Therefore, the simple model proposed has demonstrated its promising 
accuracy and ability to predict the future environmental behavior inside 
a greenhouse. 
In addition, the model was validated in a second greenhouse, which 
was a different size to the one used for the calibration. Notice that only 
the physical model parameters were modified, such as the greenhouse 
volume, the roof and wall areas, the wall materials and so on; this is 
because the other parameters are common to both greenhouses. The 
validation for the transplanted modeling was good, which means that 
this model (or its methodology) can be widely adapted to typical Chi-
nese solar greenhouse of different sizes. 
In terms of ensuring the resolution and accuracy, the proposed model 
has the advantage of being fast. The most time-consuming part of the 
Fig. 8. Data set for the simulated solar radiation, air leakage rate, convective transfer coefficient and crop transpiration rate on 17 August 2019 in Greenhouse A.  
Fig. 9. The proportion of gain and loss to the greenhouse’s energy for each link 
under closed-vent conditions on 17 August 2019 in Greenhouse A. 
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model’s system is solving the closed-equations group for the wall and 
roof temperature. Even so, the total running time for a 24 h simulation 
period is less than 15 mins (using an Intel Core I7 CPU and 16 GB RAM). 
The model’s portability is especially significant, allowing it to be 
deployed in practical greenhouse cultivation to facilitate future 
decision-making management and real-time closed-loop automatic 
control. 
Temperature and humidity interact with each other inside a green-
house via the sensible and latent heat transitions; this makes it difficult 
to quantify the source term for the energy and water vapor. Therefore, in 
most of the current studies, black box techniques have been used to 
develop the greenhouse’s temperature and humidity model. The model 
described in this paper quantified the water–vapor source term by 
incorporating the phase transition, leaf transpiration, leaf condensation, 
and the indoor/outdoor humidity exchange, to develop a mechanistic 
Fig. 10. Data set of the temperature, humidity, outdoor solar radiation, wind speed, simulated ventilation rate and the vent opening area under the single-vent 
opening configuration on 9 May 2019 in Greenhouse A. 
Table 3 
The Root Mean Squared Error (RMSE) and Mean Error (ME) of the simulated 
greenhouse temperature and humidity for each test.  
Test Week RMSE / ME Greenhouse 
































1.8 / 1.2 11.7 / 9.5 B  
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Fig. 11. Data set used for the model validation with the temperature and humidity, recorded on 20–26 September 2016 in Greenhouse A.  
Fig. 12. Data set used for the model validation with the temperature and humidity on 10–16 May 2016 in Greenhouse A.  
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Fig. 13. Data set used for the model validation with the temperature and humidity on 20–26 September 2019 in Greenhouse B.  
Fig. 14. Data set used for the model validation with the temperature and humidity on 18–24 November 2019 in Greenhouse B; the thermal insulation blanket 
covering was deployed from 17:00 to 08:00 every day. 
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greenhouse temperature and humidity model, which has been utilized to 
study Chinese single-slope greenhouses for the first time. 
The model developed in this paper is a flexible and valuable tool that 
can be used for climate simulation, temperature and humidity control, 
and as decision support tool in Chinese solar greenhouses. Nevertheless, 
further research need to be undertaken, for example, developing crop 
models for particular cultivars, models that precisely simulate soil 
evaporation and ventilation, and optimization between one dimension 
and multi-dimension models. 
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